This paper deals with the accuracy of several analytical models for the prediction of the hydrodynamic force and pressure distribution acting on a body entering initially calm water. The problem of water entry is important for the analysis of slamming loads undergone by boats operating in waves, as well as of the steady behaviour of high-speed planing vessels. The considered models are briefly described and the obtained results are compared to those of numerical computations and experimental observations for a number of two-dimensional and axisymmetric cases of water impact.
INTRODUCTION
The design of naval and offshore structures includes the consideration of water impact related loads. An example of water impact problem is the slamming of a ship's bow in heavy sea conditions. Slamming loads can induce important transient stresses and affect the integrity of local structural components. Slamming also causes global effects on ship structures such as whipping, a transient vibration of the ship that may cause significant fatigue damage [1] [2] .
It is now possible to solve complex hydrodynamic impact problems using Computational Fluid Dynamics (CFD) techniques [3] [4] [5] [6] . Nevertheless, CFD methods require large computational resources, which prohibits their use for preliminary design. As a result, analytical models of water impact are still useful tools for engineering applications. Pioneering work on the subject was performed by von Karman [7] , who was concerned with seaplane landing problems. The model of von Karman was subsequently refined by Wagner [8] by taking into account the local uprise of the water to determine the wetted surface (contact surface between the impacting body and the fluid). The Wagner model was originally restricted to two-dimensional problems and was afterwards extended to axisymmetric cases by Chuang [9] . Recently, Scolan and Korobkin [10] have used the Wagner method to study the impact of three-dimensional bodies. The Wagner theory is based on the so-called "flat disc assumption". This means that the boundary conditions are linearized and imposed on the initially flat liquid free surface. It is obvious that this assumption is only valid for an impacting body with small deadrise angle (angle between the tangent to the body profile and the initial free surface). Besides, the Wagner theory predicts an infinite pressure at the intersection between the surface of the impacting body and the liquid free surface. The singularity is integrable (when the pressure is computed with a linearized form of the Bernoulli equation) and the hydrodynamic force acting on the impacting body can be determined. Nevertheless, it has been observed that the Wagner theory overpredicts the impact loads [2, 11] . Several pieces of work have been done to develop more accurate simplified models of water impact. Some models were obtained using the method of matched asymptotic expansions in which the jet flow occurring in the vicinity of the intersection between the free surface and the body is taken into account [12, 13] . The extension of this method to three-dimensional problems has been discussed by Scolan and Korobkin [14] . Other semi-analytical models are based on the generalized Wagner theory [15] [16] [17] [18] . In this case, only the boundary condition on the free surface is linearized, the body boundary condition being imposed on the actual position of the body. It should be noted that the models based on the generalized Wagner approach are much more complex than Wagner models and, for arbitrary sections, the instantaneous flow around the body must be computed numerically. In addition, to our knowledge, axisymmetric generalized Wagner models are not available. The models proposed by Korobkin [11] are based on Wagner's flat-disc approximation, but the shape of the impacting body and the nonlinear term of the Bernoulli equation are taken into account in an approximate way.
The present work is dedicated to the assessment and comparison of several models of water impact. Contrary to previous work on the subject [12, 19] , the present study is not restricted to two-dimensional bodies having a simple geometry. Three analytical models have been considered: the model of Zhao and Faltinsen [13] , which is based on the matched asymptotic expansions method, the modified Logvinovich model and a simplified generalized Wagner model, which have been proposed by Korobkin [11] . These models are based on the flat disk assumption. They are therefore easy to implement and can be used as engineering tools. Besides, they can be applied to both two-dimensional and axisymmetric problems. The accuracy of the three models is investigated through comparisons with results of finite elements computations and with experimental data.
THE WAGNER THEORY OF WATER IMPACT

BASIC ASSUMPTIONS
The problem of a two-dimensional symmetric body or an axisymmetric body penetrating vertically into an unbounded liquid domain initially at rest is considered. The body is assumed to be rigid and its velocity to be constant in the present study. It is assumed that the liquid's inertia dominates the forces acting on the body during the typical duration of the impact. The effects of viscosity, surface tension, compressibility, gravity and air-cushion are neglected. The flow is assumed to be irrotational.
Wagner supposed that, during the initial stage of impact of a blunt body, the deadrise angle remains small and that the liquid surface is close to its initial position. Consequently, the instantaneous fluid flow is more or less the same as if the fluid was loaded by a flat plate. Thus, within the Wagner approach, the body surface boundary condition is imposed on the initial flat position of the liquid free surface (Figure 1 ). The free surface boundary is also simplified by considering a linearized form of the Bernoulli equation:
where ρ is the fluid density, p is the hydrodynamic pressure and ϕ is the velocity potential. Therefore, under Wagner's assumptions, the velocity potential satisfies the following set of equations:
.
where V is the velocity of the impacting body and c is the half-length of the contact region. The solution of this boundary-value problem is well-known for both the two-dimensional (2D) [2, 8] and axisymmetric (axi.) [10] cases. The velocity potential in the contact region (|x| < c(t)) can be written in the following form:
At this stage, the wetted surface width c(t) is unknown and has to be determined.
DETERMINATION OF THE WETTED SURFACE
The half-length of the wetted surface c(t) corresponds to the abscissa of the point of intersection between the body surface and the water free surface (Figure 2 ). It is therefore necessary to compute the elevation of the free surface to determine c(t). The analytical
, axi. solution for the velocity potential makes it possible to express the relative vertical velocity U r between a point on the free surface and the body (for |x| > c(t)) as:
As mentioned above, within the Wagner approach, the free surface condition is ϕ = 0. Consequently, the horizontal velocity is zero on the free surface. Thus, the relative elevation of the free surface η(x, t) can be obtained by the time integration of the relative velocity U r :
. (5) At the intersection between the body surface and the free surface, the relative elevation h is equal to the initial position of the body shape ( Figure 2 ):
where function f describes the body shape. Eqn. (6) is often referred to as the Wagner condition and makes it possible to find the wetted surface as a function of time. However, a closed-form solution for c(t) can only be derived for simple shapes (wedge, parabola, cone and axisymmetric paraboloid). For arbitrary sections, the Wagner condition must be solved numerically. The method used in the present work is presented in Appendix.
MODELS FOR THE PRESSURE DISTRIBUTION
This section presents several analytical models for the prediction of the hydrodynamic pressure distribution on the impacting body. These models are based on the velocity potential provided by the Wagner theory.
ORIGINAL WAGNER MODEL [8]
By considering the Bernoulli equation, ,
and the velocity potential in the contact region, Eqn. (3), the distribution of pressure acting on a solid entering a liquid at constant velocity can be written in the following form:
It should be noticed that the pressure is negative and infinite at |x| = c(t). Moreover, the singularity is not integrable. Wagner indicated that Eqn. (8) is expected to provide an accurate estimation of the pressure only near the centre of the contact region. In this region, the second term of the right-hand side of Eqn. (8) is much smaller than the first term. Thus, Wagner suggested that this term (which corresponds to the quadratic term of the Bernoulli equation) should be disregarded when calculating the total hydrodynamic force acting on the body. In other words, Wagner suggested that the hydrodynamic pressure should be computed using the linearized Bernoulli, Eqn. (1). This gives:
. (9) In this case, the pressure remains positive on the whole body surface but is still infinite at |x| = c(t). However, the singularity is integrable.
ZHAO AND FALTINSEN MODEL [13]
The infinite pressure predicted by the original Wagner model is of course unphysical and Wagner indicated that a detailed analysis of the jet flow occurring near the intersection between the body and the free surface is required to obtain the correct pressure near |x| = c(t). This analysis was already performed by Wagner. However, Wagner did not known how to match the local jet flow solution and the one obtained from the flat plate approximation. This problem was overcome for the first time by Cointe and Armand [12] using the method of matched asymptotic expansions. Thanks to this technique, a composite pressure distribution valid on the whole contact area was obtained.
The Zhao and Faltinsen model (ZFM) [13] is also based on the method of matched asymptotic expansions. For |x| < c(t), the pressure distribution is of the form: (10) For x ≥ c(t), the pressure is related to the jet flow solution: (11) τ is a positive number that is solution of the following equation:
, axi where δ is the thickness of the jet: (13) It should be noted that the original model of Zhao and Faltinsen [13] was dedicated to twodimensional problems. Its extension to axisymmetric problems was proposed by Scolan [20] .
MODIFIED LOGVINOVITCH MODEL AND SIMPLIFIED GENERALIZED WAGNER MODEL OF KOROBKIN [11]
Korobkin generalized Wagner's ideas in a different way. In his work, Korobkin analysed several models of water impact including the generalized Wagner model [15] , the Vorus model [21] and the Logvinovich model. He suggested that better predictions of the hydrodynamic pressure could be achieved by taking into account nonlinear effects related to the quadratic term of the Bernoulli equation and to the real geometry of the wetted surface. From this analysis, he derived two new models of water impact.
The distributions of pressure P(x, t) and of velocity potential φ(x, t) on the wetted surface are defined by:
where h(t) is the penetration depth of the impacting body h(t) = Vt and function f describes the body shape. ϕ is the velocity potential corresponding to the exact water impact problem (with no linearization of the boundary conditions). By using the body surface boundary condition:
the pressure distribution can be written in the following form:
It should be pointed out that this expression is only based on the assumption that the flow is potential. However, the computation of the pressure P(x, t) requires the velocity potential ϕ(x, z, t), which can only be determined using numerical methods. To overcome this difficulty, it was proposed that ϕ (x, z, t) should be approximated with the use of the velocity potential ϕ (w) obtained from the classical Wagner theory:
where d(t) is the z-coordinate of the plane on which the boundary conditions are projected in the Wagner theory. Moreover, the wetted surface is computed according to the Wagner theory, see section 2.2. Then, a first order Taylor expansion of ϕ (w) around z = d(t) is used to simplify the computation of φ(x, t).
In the Modified Logvinovich Model (MLM), the linearization of the water entry problem is performed around the initial liquid level, d(t) = 0, leading to the following expression:
In the Generalized Wagner Model (GWM), the linearization is performed around a flat surface at the height of the intersection between the body and the free surface, d(t) = f(c(t ))− h(t), leading to the following expression:
The pressure distributions are then obtained by inserting Eqn. (19) and Eqn. (20) into Eqn. (17).
NUMERICAL SIMULATIONS
For comparison purposes, numerical simulations of water impact have been performed with the finite element software ABAQUS/Explicit. For these simulations, water is modelled as a compressible viscous fluid: ,
where is the Cauchy stress tensor and is the deviatoric part of the strain rate tensor. K and µ are respectively the bulk modulus and the viscosity (in this analysis, K = 2.03 × 10 9 Pa, µ = 0.001 Pa.s).
Water impact problems involve high velocity flows and cannot be treated effectively with Lagrangian methods. Thus, for the present simulations, the Arbitrary Lagrangian Eulerian (ALE) formulation of the ABAQUS software has been used. ALE formulations combine the features of Lagrangian and Eulerian analyses and make it possible to overcome the difficulties due to mesh distortion. The ALE technique of ABAQUS is based on the operator splitting method. This means that each analysis increment consists of a Lagrangian phase (in which the mesh moves with the fluid flow) followed by an advection phase. During the latter stage, the following tasks are performed: First, a new mesh is created in order to reduce mesh distortion. Then, the element state variables (stress and density) and the nodal velocities are transferred from the old mesh to the new mesh.
The fluid mesh consists of two areas. The first one is located near the impact surface where the fluid undergoes a large amount of deformation. In this area, a fine ALE mesh of 4-node quadrilateral elements (ABAQUS CPE4R for two-dimensional problems and CAX4R for axisymmetric problems) is used; the mesh size is about 150 µm. Out of this area, the deformation of the fluid remains moderate. Therefore, a Lagrangian mesh of linear triangular elements is used (Figure 3 ). The size of the fluid domain has been chosen in order to avoid any effect of the boundary conditions at its exterior surface. Indeed, in the present computations, the fluid compressibility is taken into account. Therefore, the impact generates acoustic waves, which reflect back as it reaches the boundary of the fluid domain. To prevent any interaction between the impacting body and the reflected waves, the following condition should be fulfilled:
where L is the distance between the impact area and the exterior surface of the fluid domain, T is the time period simulated and c 0 is the speed of sound The impacting solid is modelled as a rigid body. Frictionless contact is used to describe the interaction between the fluid and the impacting body.
RESULTS
In this section, several test cases are presented. The results derived from the analytical models are compared with those of the finite element simulations and with experimental data. Figure 4 displays distributions of pressure coefficient Cp along the surface of a wedge entering water at constant velocity for several values of the deadrise angle. The pressure coefficient is defined as:
WEDGES AND CONES
For the smallest deadrise angle (Figure 4 .a), the pressure distributions predicted by the analytical models are in close agreement with the numerical results. As the deadrise angle increases, more pronounced discrepancies are observed ( Figure 4 .b and Figure 4 .c). Even if the MLM and the GWM overestimate the peak pressure, they seem to be more accurate than the ZFM. Figure 5 compares the nondimensional force on a wedge as a function of the deadrise angle. In addition to the results obtained with ZFM, MLM, GWM and ABAQUS, the slamming forces provided by the original Wagner theory and the similarity solution are also displayed. The similarity solution results were obtained by Zhao and Faltinsen [13] using the analytical formulation proposed by Dobrovol'skaya [22] . The similarity solution does not require any assumption concerning the shape of the liquid surface. Therefore, it is often considered as a reference solution for the problem of wedge entry into an incompressible ideal fluid. It is, however, not an exact solution since it is implicitly given in terms of integral equations, which must be solved numerically. One observes that the similarity solution is very closed to the
K/r (c 0 =
). results of the finite element computations. As expected, the original Wagner model only provides a poor prediction of the slamming forces. The ZFM is not very much accurate. For a deadrise angle of 40°, the slamming load predicted by the ZFM is 56% greater than the results of the finite element method (or of the similarity solution). The MLM and the GWM provide better estimations of the slamming loads. Figure 6 shows pressure distributions acting on a cone for several values of the deadrise angle. As in the 2D case, the accuracy of the analytical models decreases with the deadrise angles. However, the pressure distributions predicted by the MLM and the GWM seem to be more affected by large values of the deadrise angle than in the 2D case. In particular, the pressure near the centre of the contact surface is underestimated. The evolution of the nondimensional force acting on a cone with the deadrise angle is plotted in Figure 7 . The results of experimental tests (β = 7°, 15°, 30°) carried out at ENSIETA using a hydraulic shock machine are also shown in Figure 7 . More details about the experimental set-up can be found in [23] . One observes that the MLM predicts the slamming force much better than the ZFM and the GWM. For deadrise angles up to 40°, the relative difference between the results of the MLM and those of the numerical simulations are smaller than 6.2%.
CIRCULAR CYLINDER AND SPHERE
The impact of a circular cylinder and of a sphere of radius R at constant velocity is studied. Figure 8 presents the slamming force acting on the cylinder predicted by the analytical and numerical models, together with the experimental data of Cointe and Armand [12] . The ZFM is again shown to overpredict the slamming loads. Among the analytical models examined in the present study, the MLM seems to provide the most accurate results. Figure 9 presents the slamming load acting on the sphere. It appears that the accuracy of the GWM and the ZFM are very bad in this case. It is interesting to point out that, for a relative penetration Vt/R equal to 0.1, the local deadrise angle at the intersection between the sphere surface and the liquid surface is equal to 32°. In this case, the slamming load predicted by the GWM is 32% smaller than the one obtained from the ABAQUS simulation. This discrepancy is significantly greater than the one observed for a cone with a deadrise angle of 32° (23%), see Figure 7 . This indicates that the accuracy of the analytical models depends on the shape of the impacting body and not only on the maximum value of the deadrise angle. , on a sphere of radius R as a function of the nondimensional submergence.
AXISYMMETRIC BODY WITH KNUCKLES
In this section, the impact of an axisymmetric body with sharp changes of the local deadrise angle is considered ( Figure 10 ). Figure 11 presents the force acting on this body entering water at constant speed (12 m/s) predicted by the different models and measured during impact tests performed on the ENSIETA hydraulic shock machine. At the beginning of the impact, the load increases until the relative submergence is equal to 0.045. At this moment (Vt /R 3 ≈ 0.045), the point of intersection between the body shape and the liquid free surface reaches the first knuckle and a rapid drop of the load is observed. It should be noticed that the analytical models predict sharper drops of the force than the finite element model and the experiments. This difference will be explained below. Then, the force increases for the second time, but at a lower rate. The change in the curves' slopes for Vt/R 3 ≈ 0.09 corresponds to the instant when the free surface reaches the second change of deadrise angle. Figure 12 presents the distributions of pressure obtained with the MLM and a finite element simulation at three instants of time. At time t 1 , the intersection point has not reached the first knuckle yet and the pressure distribution is similar to the pressure distribution on a cone (Figure 6 .a). The fluid's compressibility is taken into account in the ABAQUS simulation. Therefore, when the contact surface reaches the first knuckle (c = R 1 ), a release wave is generated and propagates at finite speed toward the centre of the contact surface. That is the reason why, at time t 2 , the pressure has dropped near the edge of the contact surface (0.45 < x/R 3 < 0.58), but it has not changed near the centre. Of course, such a complex phenomenon cannot be described by the MLM, which assumes that the fluid is incompressible. In that case, the hydrodynamic pressure drops rapidly on the whole contact surface when the local deadrise angle changes. That is why the MLM predicts a sharper drop of the total force after the first peak (Vt/R 3 ≈ 0.045) than the ABAQUS simulation ( Figure 11 ).
CONCLUSIONS
Three analytical models of water impact have been tested against results of finite element computations and experimental data. These models are based on the simplified theory of water impact introduced by Wagner [8] and make it possible to estimate pressure distributions and slamming forces without having to resort to complex numerical computations. The accuracy of these models depends on the maximum deadrise angle but also on the shape of the impacting body. Besides, this study has revealed differences between the two-dimensional and axisymmetric cases. For example, the pressure distributions obtained with the MLM and the GWM are much more affected by large values of the deadrise angle in the axisymmetric case than in the two-dimensional case. When the total hydrodynamic load is considered, the MLM is clearly more accurate than the other two models. It is, for example, the only model able to provide an estimation of the slamming load acting on a sphere consistent with the finite element simulation. An additional advantage of the MLM is that a three-dimensional version of this model is already available [24] . 
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